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Introduction: 


The  key  to  many  of  the  microwave  applications  of  optics  will 
be  the  ability  to  integrate  photodetectors  with  monolithic 
microwave  integrated  circuits  (MMIC's) .  This  will  allow 
microwave  signals  to  be  coupled  optically  into  MMICs  via 
fiber  optic  lines.  Such  optoelectronic  integrated  circuits 
(OEICs)  could  have  widespread  application  in  Air  Force 
electronic  warfare  and  radar  systems.  Monolithic  OEIC 
technology  is  in  its  infancy,  and  many  aspects  of  device 
fabrication  and  application  remain  to  be  explored. 


Objectives: 

Building  upon  the  technology  base  established  at  Texas  A&M 
over  the  past  several  years,  we  will  explore  new 
possibilities  for  optically  coupled  microwave  devices. 

These  include  a  monolithic  optoelectronic  differential 
amplifier,  a  traveling  wave  (TW)  photodetector,  and 
integration  of  such  a  photodetector  with  a  microwave  field 
transistor  (FET)  amplifier. 

Optoelectronic  Differential  Amplifier 

Optoelectronic  differential  amplifiers1  which  operate  at 
much  higher  bandwidths  than  conventional  electronic 
operational  amplifiers  will  be  constructed.  Light  from  two 
laser  diodes  driven  by  microwave  input  signals  will 
illuminate  two  photodetectors  on  a  monolithic  balanced 
receiver  chip.  Waveforms  from  the  photodetectors  will  be 
subtracted  in  a  common  load  resistor  on  this  chip  to  produce 
a  differential  output.  The  goal  is  to  show  that  a 
monolithic  version  of  the  optoelectronic  differential 
amplifier  can  operate  at  bandwidths  in  the  5-10  GHz  range. 
Such  a  device  could  be  useful  for  signal  processing  in 
electronic  warfare  and  radar  systems.  The  balanced  receiver 
chip  could  prove  effective  in  coherent  communications  as 
well. 


Traveling  Wave  Photodetector 

This  device  will  be  configured  as  a  coplanar  transmission 
line  on  a  semiinsulating  gallium  arsenide  substrate.  Light 
modulated  at  microwave  frequencies  will  be  coupled  into  the 
stripline  gap  to  produce  electron-hole  pairs.  The  resulting 
current  flow  in  the  gap  will  produce  a  microwave  signal  on 
the  transmission  line.  Phase  matching  of  optical  and 
microwave  signals  will  be  accomplished  with  optical  delay 
lines.  A  configuration  in  which  the  incident  light  is 
confined  in  two  dimensions  by  an  optical  waveguide  will  also 
be  explored.  The  TW  photodetector  will  be  readily 
integrable  with  other  microwave  elements,  and  its 
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distributed  nature  will  allow  higher  microwave  power  levels 
to  be  generated  than  with  other  types  of  photodetector. 

Progress 


Optoelectronic  Differential  Amplifier 

Several  balanced  receivers  for  the  optoelectronic 
differential  amplifier  have  been  fabricated  in 
semiinsulating  gallium  arsenide  and  characterized  over  the 
frequency  range  0-8  GHz.  These  receivers  have  3  /xm-wide 
photoconduct ive  gaps  to  which  independent  bias  voltages  of 
opposite  polarity  are  applied.  The  photocurrent  from  the 
two  gaps  is  subtracted  in  a  common  load.  The  rf 
characterzation  is  carried  out  using  modulated  semiconductor 
laser  diodes.  In  order  to  simultaneously  excite  both  gaps, 
the  modulated  laser  light  is  coupled  into  a  single  mode 
fiber  and  passed  through  a  50:50  coupler  to  provide  two 
optical  outputs  of  approximately  equal  amplitude.  The  light 
from  each  of  two  fibers  is  imaged  into  one  of  the 
photoconduct ive  gaps.  Coupling  from  each  fiber  to  the 
corresponding  gap  can  be  varied  independently  using  a 
micromanipulator  to  position  the  fiber,  to  facilitate  signal 
subtraction. 

The  rf  response  has  been  measured  for  three  of  the  devices 
as  a  function  of  the  gap  bias  voltages  laser  modulation 
frequency.  Optimum  voltage  of  operation  was  found  to  be  in 
the  neighborhood  of  15  V.  Instabilities  in  the  device 
output  due  to  electromagnetic  interference  between  v,  rious 
elements  of  the  system  have  been  eliminated  by  imprc  ed  rf 
shielding.  The  common-mode  rejection  ratio  (CMRR)  for  one 
of  the  devices  ranged  from  16-22  dB  over  the  frequency  range 
from  0.5  -  7.5  GHz.  A  second  device  showed  CMRR  values  from 
14-25  dB  over  that  same  range. 

This  device  can  perform  at  much  higher  frequencies  than 
conventional  electronic  differential  amplifiers,  because  in 
the  optoelectonic  design  the  signal  inputs  are  decoupled 
from  the  rest  of  the  circuit.  This  points  the  way  to  a  new 
class  of  optoelectronic  signal  processors  for  wideband 
signals. 

These  results  are  described  in  detail  in  Ref.  2. 

Traveling  Wave  Photodetector 

Fiber  optic  communication  systems  suffer  an  inherently 
limited  optical-to-electrical  conversion  efficiency.  This 
is  a  concern  when  fiber  optics  are  used  for  analog  microwave 
transmission,  because  the  signal  must  generally  be  amplified 
at  the  receiver  to  restore  a  usable  microwave  signal  level. 
Since  amplification  is  required  even  if  the  length  of  the 
fiber  cable  is  very  small,  this  represents  a  competitive 


2 


disadvantage  for  fiber  optics  versus  conventional  microwave 
transmission  media  (coaxial  cable  or  metal  waveguide) . 

As  a  baseline  for  estimating  the  degree  of  amplification 
needed,  we  consider  a  semiconductor  pn  or  Schottky  diode 
photodetector  designed  for  multigigahertz  response.  Light 
modulated  at  a  microwave  frequency  f  is  incident  upon  the 
photodetector.  The  microwave  power  Pm  delivered  into  a  load 
resistor  R  can  be  written 

-  Mn2'  t1) 

where  I-,  is  the  rqot-mean-square  (rms)  current  generated  in 
the  photodetector  at  the  frequency  f.  This  current  can  be 
related  to  the  detector  responsivity  r  and  the  modulated  rms 
optical  power  level  Popt  bY  the  relation 

Im  =  rPopt 

For  a  typical  short-distance  microwave  fiber  optics  link,  we 
might  have  PODt  *  1  mW,  R  =  50  n,  and  r  =  0.6  A/W. 

Combining  (l)*and  (2),  we  calculate  that  Pm  =  1.8  x  10~  W  = 
-17.4  dBm.  This  means  that  the  optical -to-microwave 
conversion  efficiency  €,  defined  as 


€  “  pn/popt» 


(3) 


is  -17.4  dB.  If  the  optical  signal  were  attenuated  by 
transmission  over  a  longer  fiber,  suc^that  POT5t.  *  1  M W, 
then  we  calculate  that  P 
=  -47.4  dBm. 


m 


axwa  f  ovawaa  v.  &  —  *  f* ww  $ 

*  1,8  x  10~11  W  =  -77.4  dBm  and  e 


Another  important  performance  parameter  of  the  fiber  optic 
link  is  the  dymamic  range  relative  to  the  noise,  D,  defined 
by  the  relation 


where  (P^max  maximujn  microwave  power  generated  in 

the  receiver  and  Pn  is  the  receiver  noise.  Generally 
thermal  noise  dominates  at  microwave  frequencies,  so  we  can 
write 


Pn  =  kTBF  (5) , 

where  k  is  Boltzmann's  constant  (k  =  1.38  x  10”23  J/*K) ,  T 
is  the  absolute  temperature  in  degrees  Kelvin,  B  is  the 
microwave  bandwidth,  and  F  is  the  amplifier  noise  figure. 

At  room  temperature  (T  =  293*  K  )«for  B  =  1  GHz  and  F  =  2  (3 
dB) ,  we  find  that  P_  =  8.1  x  10”12  W  =  -  80.9  dBm.  In  the 
example  above  with  Popt  =  ^  we  calculate  a  dynamic  range 
of  63.5  dB.  With  an*optical  power  of  1  fiVi,  the  dynamic 
range  is  reduced  to  only  3.5  dB. 


3 


Since  both  the  microwave  power  level  and  the  dynamic  range 
are  proportional  to  the  square  of  the  mas  microwave 
photocurrent  Im,  it  is  important  to  achieve  the  maximum 
possible  value  for  Im.  However,  in  conventional  small-area 
(»  25  x  25  jm2)  photodetectors  designed  for  microwave 
frequencies,  the  photocurrent  saturates  at  relatively  low 
values  («  10  mA)  due  to  heat  dissipation  and  space-charge 
effects.  A  traveling  wave  photodetector  with  a  coplanar 
stripline  configuration  represents  a  way  to  overcome  these 
limitations.  First,  the  heat  generated  by  current  flow  in 
the  photodetector  can  be  distributed  over  a  cm  or  more  of 
length,  providing  order-of-magnitude  reduction  in  the 
temperature  rise  in  the  active  region  of  the  device. 
Secondly,  the  current  flow  is  distributed  over  a  much  larger 
cross-section,  so  that  space-charge  effects  are 
correspondingly  reduced.  A  third  advantage  is  the  ease  of 
integration  with  other  microwave  circuit  elements,  such  as 
FET  amplifiers  and  Gunn  oscillators. 

A  traveling  wave  photodetector  consisting  of  a  coplanar 
transmission  line  on  a  semiinsulating  gallium  arsenide 
substrate  has  been  fabricated  in  our  laboratory  and 
preliminary  tests  have  been  completed.  Our  design  uses  3  /im 
gaps  and  28  /im  wide  striplines  to  form  a  5  cm  long,  50  ft 
transmission  line,  as  illustrated  in  Fig.  1.  The  electrode 
mask  was  produced  using  our  in-house  laser  scanning  system. 
The  striplines  are  about  0.34  thick  and  consist  of  0.2  nm 
of  gold  on  a  Ni-Au/Ge  base  which  is  annealed  to  form  ohmic 
contact  with  the  substrate,  as  in  Fig.  2.  Light  modulated 
at  microwave  frequencies  is  coupled  into  the  stripline  gap 
to  produce  electron-hole  pairs.  The  resulting 
photoconduct ive  current  flow  produces  a  microwave  signal  on 
the  transmission  line.  Phase  matching  of  the  optical  and 
microwave  signals  is  accomplished  with  an  optical  delay  line 
arrangement,  as  in  Fig.  3. 

Some  initial  results  showing  the  microwave  interference 
between  two  optical  input  signals  injected  at  different 
locations  on  the  transmission  line  are  shown  in  Fig.  4. 

These  measurements  were  made  with  a  directly  modulated  Ortel 
laser  diode  as  the  light  source.  The  modulated  optical 
power  was  maintained  at  a  low  value  (*  10  nV)  to  avoid  the 
risk  of  damaging  the  laser  diode.  The  maximum  optical  power 
generated  in  these  preliminary  measurements  over  the  0.2 -3. 5 
GHz  range  was  -  81  dBm.  When  optical  losses  in  the 
measurement  system  (Fig.  3)  are  taken  into  account,  the 
value  of  Popt  (eq.  2)  is  about  1  mW,  giving  an  optical-to- 
microwave  conversion  efficiency  of  about  -  51  dB.  These 
initial  results  are  encouraging  in  that  they  demonstrate  the 
interference  effect  in  a  traveling  wave  structure,  but 
considerable  improvement  in  conversion  efficiency  as  well  as 
monolithic  integration  of  the  TW  photodetector  with  an 
amplifier  will  be  needed  before  such  an  approach  can  prove 
practical  for  radar  system  application. 
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microwave  signal 


Fig.  1.  Configuration  for  Traveling  Wave  Photodetector. 
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semi -insulating 
GaAs  substrate 


(1)  Au  layer  :  2000  A 

(2)  Au-Ge  layer  :  1215A 

(3)  Ni  layer  :  150  A 


Electrode  Design  for  TW  Photodetector 


voltage 

supply 


Fig.  3.  Setup  for  Testing  TW  Photodetector  with  Two  Optical 
Inputs . 


A  second  structure  under  investigation  makes  use  of  an 
optical  waveguide  formed  in  GaAlAs  epitaxial  layers  on  a 
semiinsulating  GaAs  substrate.  The  epitaxial  layers  have 
been  grown  for  us  by  Dr.  Y.  C.  Kao  of  Texas  Instruments.  A 
rib  waveguide  6  pm  wide  is  formed  in  the  layered  sample  by 
reactive  ion  etching.  A  coplanar  stripline  formed  on  the 
surface  of  the  sample  makes  ohmic  contact  with  the  top 
epitaxial  layer  (GaAs,  0.2  pm  thick),  which  strongly  absorbs 
light  at  our  laser  wavelength  of  0.83  pm.  When  modulated 
light  from  this  laser  is  coupled  into  the  waveguide, 
electron-hole  pairs  are  created  in  this  layer  as  the  light 
propagates  down  the  waveguide.  This  provides  a  traveling 
wave  excitation  of  the  transmission  line  at  the  modulation 
frequency.  Strong  optical  waveguiding  and  a  photoconduct ive 
effect  has  been  observed  in  one  of  the  devices.  However, 
the  optical  absorption  was  too  low  in  the  initial  device  to 
obtain  meaningful  results  at  microwave  frequencies.  The 
device  structure  is  being  redesigned  for  enhanced  microwave 
response. 

The  TW  detectors  studied  to  date  under  this  program  have 
used  photoconductivity  as  the  optical-to-microwave 
transduction  mechanism.  However,  carrier  lifetime  limits 
the  speed  of  photoconduct ive  devices  with  near-unity  quantum 
efficiency  to  about  10-15  GHz.  For  performance  in  the 
millimeter-wave  regime  (30  -  300  GHz),  a  depleted  structure 
(pn  junction  or  Schottky  diode)  is  needed.  Design 
considerations  are  considerably  different  than  for 
photoconduct ive  TW  detectors.  For  example,  in  the  junction 
devices  the  junction  capacitance  per  unit  length  is  the 
critical  factor  in  determining  transmission  line  impedance. 

Some  considerations  in  the  design  of  TW  photodetectors3  are 
discussed  in  Appendix  A  of  his  report.  An  analysis  of 
depleted  TW  photodetector  .esigns  is  included  as  Appendix  B 
of  this  report. 

Conclusions  and  Recommendations 

As  the  results  with  the  optoelectronic  differential 
amplifier  indicate,  OEICs  can  provide  performance  in 
microwave  signal  processing  which  cannot  be  achieved  using 
only  electronic/microwave  components.  The  performance  to  8 
GHz  demonstrated  in  the  optoelectronic  device  compares  with 
about  200  MHz  in  the  fastest  all-electronic  differential 
amplifiers.  The  TW  photodetector  also  shows  promise  for 
optical  generation  of  greater  microwave  power  levels  than 
can  be  achieved  with  conventiomnal  photodetectors. 

It  is  recommended  that  the  experimental  evaluation  of  the 
two  alternative  traveling  wave  photodetector  structures 
described  above  be  completed  over  the  2-12  GHz  frequency 
range,  and  that  the  more  promising  of  these  structures  be 
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selected  for  integration  with  an  amplifier  to  provide 
enhanced  optical -to-microwave  conversion  efficiency.  Either 
of  these  traveling  wave  photodetector  designs  is  suitable 
for  integration  with  a  microwave  field-effect  transistor 
(FET)  amplifier.  For  example,  one  of  the  electrodes  can 
form  the  gate  and  the  other  the  drain  of  the  FET.  The 
source  and  drain  of  the  FET  can  provide  a  coplanar  line  for 
transmitting  the  amplified  microwave  output. 

It  is  also  recommended  that  TW  photodetectors  based  upon  pn 
junction  or  Schottky  diode  structures  be  fabricated  in 
suitable  epitaxial  material  on  semiinsulating  GaAs 
substrates.  Such  structures  offer  the  best  prospect  for 
millimeter-wave  response  in  OEIC  devices. 

Finally,  it  is  recommended  that  a  setup  for  generating  a 
beat  frequency  from  two  high-power  laser  diodes  be  assembled 
and  used  in  future  evaluation  of  the  TW  photodetectors. 

With  such  an  arrangement,  it  should  be  possible  to  obtain 
effective  modulated  optical  power  levels  of  several  mW  and 
to  demonstrate  greatly  improved  optical-to-microwave 
conversion  efficiencies  and  dynamic  range. 
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Traveling  Wave  Photodetectors 

H.  F.  Taylor,  0.  Eknoyan,  C.  S.  Park, 

K.  N.  Choi,  and  K.  Chang 

Department  of  Electrical  Engineering 
Texas  ASM  University 
College  Station,  Texas  77843 

ABSTRACT 

Designs  for  traveling  wave  photodetectors  in  semiconductor 
materials  are  presented,  and  advantages  over  conventional 
photodetectors  are  discussed. 


Lumped-element  designs  are  used  in  today's  high-speed 
photodetectors  for  optical  communications  and  signal 
processing1'2.  The  response  speed  in  these  devices  is  limited  by 
the  RC  time  constant,  where  R  is  the  load  impedance  and  C  is  the 
capacitance.  In  order  to  maintain  very  low  («  1  Pf) 
caspacitance  values  in  these  devices,  it  is  necessary  for  the 
active  area  to  be  very  small  («  10"4  cm2) .  The  small  area  can 
be  a  disadvantage  in  some  microwave  applications,  particularly 
when  it  is  desired  to  generate  significant  power  levels  at  multi- 
GHz  frequencies.  The  traveling  wave  (TW)  photodetector 
configuration  is  proposed  as  a  means  of  overcoming  this 
limitation. 

In  a  TW  photodetector,  optical  excitation  occurs  in 
distributed  fashion  along  the  length  of  a  transmission  line 
structure,  as  illustrated  in  Fig.  1.  It  is  envisioned  that 
practical  TW  photodetectors  will  be  fabricated  in  semiconductor 
materials  such  as  GaAs  or  InGaAs.  The  carrier  concentration 
between  electrodes  of  the  transmission  line  varies  with  time  in 
response  to  the  modulated  optical  input  signal.  A  microwave 
signal  is  generated  on  the  transmission  line  as  a  result  of  the 
temporal  variation  in  gap  conductivity.  Phase  matching  of  the 
optical  and  microwave  signals  is  desirable,  as  the  transmission 
line  length  for  efficient  optical-microwave  conversion  is  limited 
by  the  degree  to  which  phase  matching  is  achieved. 


la _ RATIONALE  FOR  THE  TRAVELING  WAVE  PHOTODETECTOR 

There  are  several  reasons  that  TW  photodetector  designs 
might  be  desirable  in  some  applications.  The  gap  region  can  be 
much  larger  in  area  than  in  conventional  photodetectors,  so  that 
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Fig.  1  Coplanar  transmission  lins  configuration  for  a  TW 
photodstsctor 

largsr  microvavs  povsrs  can  bs  gsnsratsd  bsfors  saturation  occurs 
and  bsfors  substrats  hsating  rsachss  sxcsssivs  1 avals.  Sines  the 
photodstsctor  has  a  transmission  lins  structurs,  it  rsadily 
intsrfacss  with  othsr  microvavs  circuit  slsmsnts.  For  axampla, 
in  a  coplanar  transmission  lins  configuration  ths  two  slsctrodss 
of  ths  photodstsctor  might  sasily  connsct  to  ths  drain  and  gats 
elsctrodss  of  a  field-effect  transistor  (FET)  amplifiar.  Designs 
for  ths  TW  photodstsctor  which  employ  an  optical  waveguide  are 
not  subject  to  ths  quantum-efficiency/ speed  tradeoff  which  occurs 
in  conventional  photodstsetors  because  of  ths  finite  carrier 
saturation  velocity.  Finally,  some  interesting  nonlinear 
optical/microvave  effects  might  be  possible  with  TW  photodstsctor 
designs. 


2j _ TW  PHOTO  DETECTOR  DESCRIPTION 

Two  approaches  to  the  TW  photodstsctor  are  discussed  here: 
one  ii.  which  the  light  is  coupled  into  the  active 
(photosensitive)  region  from  above,  and  the  other  in  which  an 
optical  waveguide  is  used  for  the  coupling. 

The  first  approach  is  illustrated  in  Fig.  2.  The  light  can 
be  coupled  into  the  gap  using  cylindrical  optics,  as  in  Fig. 

2(a),  or  using  optical  fibers,  as  in  Fig.  2  (b) .  In  either  case, 
phase  matching  is  a  primary  consideration.  For  a  coplanar  line, 
as  in  Fig.  l,  the  phase  velocity  of  the  microwave  signal  v_  is 
given  by 
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Fig.  2  Phasa  matching  in  a  TW  photodatactor 
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with  c  tha  free-space  valocity  of  light,  eQ  tha  dialactric 
permittivity  of  fraa  space,  and  c  tha  dialactric  parmittivity  of 
tha  substrata.  In  GaAa,  for  example,  with  e/eQ  *  13,  v  »  .38  c. 
Phasa  matching  for  tha  configuration  of  Fig,  2(a)  with  tha  light 
incident  in  air  thus  raquiras  that  0  -  sin  1.38  *  22*,  whara  e  is 
tha  angla  of  tha  incidant  light  baam  ralativa  to  tha  normal  to 
tha  surfaca  of  tha  substrata.  For  tha  configuration  of  Fig. 

2(b),  tha  langths  of  tha  fibar  dalay  linas  must  ba  proparly 
adjustad  to  insura  phasa  matching. 

Tha  sacond  approach  to  tha  travaling  wava  photodatactor 
makes  usa  of  an  optical  waveguida  to  transmit  tha  incidant  light, 
as  in  Fig.  3.  An  optically  absorbing  ragion  is  providad  as  a 
part  of  tha  vavaguida  structura  so  that  photoganaratad  carriars 
ara  producad  in  tha  striplina  gap.  In  this  casa  tha  optical 
group  valocity  v 
matching,  with  v 
waveguida  moda. 

edga,  vQ  »  .25  c  a  .66  v_.  To  achiava  better ^phase  matching,  a 
dialactric  ovarlay  could  oa  providad  on  top  of  tha  transmission 
lina.  In  fact,  if  tha  transmission  lina  of  Fig.  1  wara  buriad  in 
GaAa  tha  valua  of  v_  would  ba  raducad  to  .27  c,  so  that  almost 
perfect  phasa  matching  would  ba  achieved. 


- m  for  perfect  phasa 


should  ba  equal  to  vt 
*  c/n_  and  n_  tha  group  refractive  index  of  the 
In  GaAS,  for  example,  with  n„  »  4  near  tha  band 
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Fig  3.  optical  wavaguida  configuration  for  TW  photodatactor . 


An  optical  wavaguida  atructura  for  tha  TW  photodatactor  in 
tha  AlGaAa  alloy  systam  is  illustratad  in  Fig.  4.  This  daaign 
could  ba  usad  for  dataction  of  AlGaAs  lasar  amission  at 
vavalangths  in  tha  vicinity  of  .83  nn.  Tha  top  GaAs  layar  and 
tha  adjacant  AlGaAa  layar  sarva  as  tha  optical  wavaguida.  Tha 
naxt  AlGaAs  layar  aarvas  as  a  buffar  to  provida  optical  isolation 
of  tha  light  fro*  tha  substrata.  Lataral  confinamant  of  tha 
light  is  providad  by  tha  mass  atchad  into  tha  top  layar.  Light 
propagating  in  tha  wavaguida  is  absorbad  in  tha  top  layar,  which 
has  a  smallar  band  gap  than  tha  lasar  photon  anargy,  and  produces 
a  photoconductiva  currant  batwaan  tha  alactrodas.  Tha  alactrodes 
ara  in  ohmic  contact  with  tha  photoconductiva  layar. 


GaAs  absorbing  layer 


electrode  \  AlGaAs  waveguiding  layer 


AlGaAs  buffer  layer 


GaAs  substrate 

Fig.  4  TW  photodatactor  in  AlGaAs. 
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4.  IDEAL  TW  PHOTQDETECTOR  DESIGN 


A  number  of  desirable  features  of  the  TW  photodetector  can 
be  identified.  The  quantum  efficiency  for  conversion  of  photons 
to  electron-hole  pairs  should  be  near  unity.  Although 
photoconduct ive  detectors  can  perform  well  at  frequencies  to  10 
GHz  and  beyond,  for  most  microwave  applications  depeleted 
structures  (pn  junction  or  Schottky  barrier)  are  preferred.  With 
deplection  regions  of  the  order  of  0.3  nm  thick,  performance  can 
extend  to  100  GHz.  Avalanche  gain  might  be  incorporated  as  a 
means  of  enhancing  the  microwave  power  generation,  but  at  the 
cost  of  reduced  speed  and  hiigher  noise  levels.  A  50  n  impedance 
is  desired  in  order  to  easily  interface  the  TW  photodetector  with 
off-chip  transmission  lines.  Finally,  simple  fabrication  is 
desirable. 


5.  CONCLUSIONS 

Traveling  wave  photodetectors  would  appear  to  have  promise 
for  use  in  microwave  transmission  systems.  They  should  be  easy 
to  interface  with  other  monolithic  microwave  integrated  circuit 
(MMIC)  components.  Higher  optically  generated  microwave  power 
levels  should  be  possible  than  with  conventional  photodetectors, 
optical  waveguide  coupling  would  appear  to  offer  the  possibility 
of  achieving  both  high  quantum  efficiency  and  high  speed. 
Finally,  some  interesting  possibilities  may  exist  for  nonlinear 
optical -microwave  interactions  in  structures  similar  to  those 
described  in  this  paper. 
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l.Epi-layer  Design  Consideration 


This  section  includes  some  important  parameters  which  must  be 
considered  to  design  the  structure  of  PN  traveling  wave  detector. 

For  high-speed  operation,  the  depletion  region  must  be  kept  thin  to 
reduce  the  transit  time.  On  the  other  hand,  to  increase  the  quantum 
efficiency,  the  depletion  layer  must  be  thick  to  allow  a  large  fraction  of  the 
incident  light  to  be  absorbed.  Thus  there  is  a  trade-off  between  the  speed  of 
response  and  quantum  efficiency.  Here  is  schimatic  diagram  for  depletion 
layer  thickness  consideration. 


n  Nd 

p  nI 


S.I.  GaAs 


Np:  to  be  decided 
Na  :  l.Ox  1018 

Oo  :  contact  internal  potential 
Cf  :  13.6 

V  :  reverse  bias  voltage 
E  :  electric  field  over  depletion  region 


D  = 
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As  rule  of  thum,  the  depletion  layer  should  be  created  as  close  to  the 
surface  as  possible  for  efficiency.  This  can  be  realized  by  making  low  doped 
n-layer  on  high  doped  p-layer,  in  which  structure  large  portion  of  depletion 
layer  can  be  created  in  n-layer  side  only.  Another  key  factor  for  better 
quantum  efficiency  is  the  absorption  coefficient.  To  allow  that  most  light  will 
be  absorbed  in  depletion  region,  the  depletion  region  must  be  of  the  order  of 
1/a.  At  GaAs  wavelength,  0.83pm,  absorption  coefficient,  a,  is  about  7.0  x  103 
cm*1,  resulting  in  1  /a  -  1.5  pm.  The  last  key  is  trasit  time.  Because  of  the 
limitation  of  transit  time  effect  depletion  region  should  not  be  too  wide.  The 
optimum  compromise  occurs  when  the  depletion  layer  is  chosen  so  that  the 
transit  time  is  of  the  order  of  one-half  the  modulation  period. 


=  H 

v. 


Assuming  vs  =  1.0  x  107  cm/s,  D  =  50/ /  (pm)  for  /  in  GHz.  Couple  of  D 
corresponding  to  various  modulation  frequency  are  shown  below. 

200  GHz  -  0.25  pm 

100  GHz - 0.5  pm 

50  GHz - 1.0  pm 


As  conclusion  depletion  region  should  be  in  range  from  0.25  to  1.5  pm  by 
adjusting  external  reverse  bias  voltage.  D  ,  depletion  region,  as  function  of  V 
for  different  Nq  is  shown  in  Fig.  1.  Also  electric  field  is  shown  as  a  function 
of  V  in  Fig.  2.  Within  range  of  0.25  ~1.5  pm  depletion  layer  the 
corresponding  electric  field  is  approximately  1.0  x  107  cm/s  by  Fig.  3. 

As  a  result  the  optimum  Np  seems  to  be  2.0  x  lQii/cml. 
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Fig.  3.  Carrier  drift  velocity 
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2.  Vertical  Structure  of  Device 


•  Gold-Germanium  :  Nickel 


Assuming  the  range  of  operation  frequency  is  between  2  ~  200  GHz,  the 
thickness  of  n-layer  is  chosen  as  1  nm  by  previous  discussion. 

P-layer  thickness  is  not  so  impotant  as  that  of  n-layer  and  chosen  as  3  |im. 

For  ohmic  contact  metal  has  Gold-Germanium:Nickel:Gold  structure. 

For  the  better  performance  AR  coating  can  be  added  on  n-layer. 

In  following  page  fabrication  procedure  for  this  device  is  suggested. 

This  process  needs  three  masks. 
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P.R.  Pattern 


Etch  n-layer 


P.R.  Patern 


Dielectric  Growth 
(Si02  or  SiaN4) 


Lift-off 


P.R.  Pattern 

Metal  Layer 

Gold 

Nickel 

Gold-Germanium 


3.  Lateral  Structure  with  Impedence  Matching 


Assuming  coplanar  striplines  on  plain  S.I.  GaAs  substrate  without  any 
topology,  following  equations  are  used  for  impecence  matching. 
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Fig.5  shows  width  as  function  of  S  to  meet  500  impedence  matching.  This 
configuration  is  not  easy  to  meet.  Hence  here  propose  approximate  stripline 
pattern  which  has  1.0  X  1.0  ^im2pads  and  10  Jim  seperation  between  100  pjn 
striplines  in  active  region. 


Fig.  5.  W  vs.  S  for  50Q  impedence 
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Fig.  6.  Stripline  Pattern 
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